Seasonal changes in the botanical composition of diets and protein quality of forages consumed by cottontail rabbits (Sylvilagus floridanus) were monitored on disturbed and undisturbed upland hardwood forest-tallgrass prairies in central Oklahoma
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lagomorphs (Gibb 1977 , Keith 1983 , Pease et al. 1979 . Although much of it is indirect, current evidence suggests that cottontail rabbit (Sylvilagus floridanus) populations also respond to changing nutritional conditions in their habitat. This is supported by observations that food habits (Turkowski 1975) , home range size (Anderson and Pelton 1976 , Janes 1959 , Trent and Rongstad 1974 , foraging effort (Allen 1984 , Anderson and Pelton 1976 , Chapman et al. 1982 , Janes 1959 , Trent and Rongstad 1974 , breeding success (Bothma and Teer 1977 , Chapman et al. 1977 , Chapman et al. 1982 , Pelton and Provost 1972 , Trethewey and Verts 1971 , and population density (King et al. 1991 , Lochmiller et al. 1991 ) vary among habitat types. Despite these many observations, our understanding of the proximate nutritional factors regulating these life history events remains elusive for this lagomorph. White (1978) proposed that protein, composed of amino acids, was the most limiting nutrient category for many wild herbivore populations. Dietary protein supplies amino acids that rabbits cannot synthesize (termed "essential"); therefore, the ability of dietary protein to supply a proper balance of these essential amino acids will largely determine the nutritional quality of that protein (Oser 1959) . Assessments of protein quality in diets of several waterfowl (Krapu and Swanson 1975 , Sedinger 1984 , Thomas and Prevett 1980 ), upland gamebird (Peoples et al. 1994 , Steen et al. 1988 , songbird (Murphy and Pearcy 1993) , and primate (Oftedal 1991) species suggest that essential amino acids may be seasonally deficient relative to physiological requirements for many wild herbivores. Diets of cottontail rabbits are characteristically high in monocots and low in digestibility and total nitrogen, indicating that essential amino acid limitations may frequently be encountered in the wild. As a result, Chapman et al. (1982) suggested that sulfur-containing amino acids may be important nutrients limiting cottontail populations.
Our previous research studies on the impact to wildlife of using combinations of herbicides and fire to control woody vegetation encroachment onto prairie sites in the Cross Timbers showed that such brush management practices resulted in the following: 1) improved nutritional quality of selected herbaceous and woody plant species (Bogle et al. 1989 , Soper et al. 1993 2) increased primary production of woody (Stritzke et al. 1991 ) and understory vegetation 3) increased rabbit densities (Lochmiller et al. 1991) , and 4) improved body condition of rabbits (Lochmiller et al. 1995) . These observations led us to hypothesize that forages in early growth stages and diets from disturbed (brush management) habitats would provide higher lev-els of essential amino acids (higher protein quality) and more closely meet requirements of cottontail rabbits for growth and lactation than forages in late growth stages and diets from undisturbed habitats. We elucidated seasonal changes in the essential amino acid composition of forage proteins consumed by cottontail rabbits from temperate, upland hardwood forests-tallgrass prairie habitat in central Oklahoma. Temporal changes in protein quality due to plant maturity were monitored for preferred forages consumed by cottontail rabbits, and food habit analyses were used to reconstruct diets to provide an overall estimate of essential amino acid concentrations in seasonal diets of rabbits in this study.
Methods

Study Area
We examined changes in protein quality of forages in the diet of cottontail rabbits from 2 disparate habitat types, located approximately 11 km southwest of Stillwater, Oklahoma (36"2' to 36"4' N, 97"9' to 97"ll' W). Disturbed and undisturbed study areas were arranged in a randomized complete block design with 2 fenced 32.4-ha (0.42 X 0.83 km) replications of each habitat type. The study area encompassed land originally composed of upland forest with interspersed tallgrass prairie (Ewing et al. 1984) . The Cross Timbers vegetation type accounts for nearly 5 million ha of rangeland in Oklahoma, Kansas, and Texas. Undisturbed upland forest habitats were dominated by Quercus marilandica Muenchh., Q. stellata Wang., and Juniperus virginiana L. in the overstory, and Comus drummondii Meyer, Celtis spp., and Symphoricarpos orbiculatus Moench. in the woody understory. Herbaceous ground cover was dominated by Schizachyrium scoparius Michx., Sorghastrum nutans (L.) Nash, P. oligosanthes Schultes, and Ambrosia psilostachya DC. Vegetation on tallgrass prairies was dominated by S. scoparius followed by S. nutans, and Andropogon gerardii Vitman.
Disturbed habitats were maintained in an early seral community by removal of woody overstory vegetation with the herbicide Triclopyr (Dow Chemical Co., Midland, Mich.) applied aerially at 2.2 kg ha-' in June 1983 and by burning in the springs of 1985, 1986, 1987, and 1990 . Disturbed habitats were dominated by Ulmus americana L. and J. virginiana in the overstory, S. orbiculatus in the woody understory, and P. oligosanthes, Conyza canadensis (L.) Cronq., and a mix of annual forbs in the herbaceous ground layer , Stritzke et al. 1991 . Annual production of grass, forbs, and browse on undisturbed habitats was 2%, l%, and 20%, respectively, of that on disturbed habitats. Densities of cottontails were greater on disturbed than undisturbed habitat types (Lochmiller et al. 1991) . All habitats were seasonally grazed by yearling cattle from early spring to early to mid-fall.
Data Collection
Key forages (arbitrarily determined to be all identifiable food items in the diet) in summer (July 1990) and winter (January 1991) diets of cottontail rabbits were identified through microhistological analysis of stomach digesta (Davitt and Nelson 1980) . A total of 10 digesta samples was obtained seasonally from stomachs of animals harvested from each of the 2 habitat replications (5 animals per replicate). Cottontail rabbits were collected (shotgun) at a distance of >75 m from boundary fences to minimize the chance that individuals were inhabiting both habitat types. Previous mark-recapture studies indicated that cottontail rabbit movement between habitat types was negligible (Lochmiller et al. 1991) . Digesta samples were individually dried to constant weight by lyophilization, ground to pass through a 20-mesh screen, and mixed and cornposited by habitat replicate (0.5 g stomach digests/rabbit/habitat replication). Cornposited digesta samples were used to identify key forages in the diet. Composites were bleached, soaked for 1 week in lactophenol blue, and rinsed with water. Six representative subsamples from each composite were mounted on microscope slides. All slides were permanently fixed in glycerin gel, covered with a cover slip, and sealed with fingernail polish.
Botanical composition of each cornposited digesta sample was determined by (1) randomly locating 25 microscope fields on each of 6 microscope slides, (2) identifying the center-most plant fragment in each field at 100x by comparing with plant reference slides, and (3) counting the number of square microns of coverage for each fragment (McMurry et al. 1993) . Relative percent composition of each plant species in the diet was calculated by summing the total number of square microns of coverage per plant species and dividing by the total number of square microns counted per digesta composite.
Key forages identified in 1990-1991 digesta samples were hand-collected a year later from each habitat replication during early (early-June or late-December) and late (mid-August or midMarch) growth stages within each season (summer and winter, respectively). Early and late growth stages did not necessarily represent immature and mature phenological stages of plants, but merely represented the phenological stage available at the beginning and end of a season (summer, winter). Herbaceous vegetation was clipped to ground level; bark and leaves of woody material were collected at a height (< 30 cm) accessible to cottontail rabbits. Juniper berries were collected from the ground because these were generally the only ones available to cottontail rabbits. Forage samples were comprised of a minimum of 15 plants per species collected randomly from each habitat replicate. Herbaceous forages collected during summer and winter were actively growing (green) when collected. Collected forages were sorted to remove dead material and foreign debris, frozen, lyophilized to constant mass, and ground through a 20-mesh screen. Lipids were extracted from ground forage by using a Soxhlet apparatus and diethyl ether as a solvent (Williams 1984) .
Protein quality was assessed by measuring concentrations of individual essential amino acids in forage samples following fat extraction and acid hydrolysis in 6 N HCl at 110°C for 24 hours. Hydrolysates were precolumn derivatized with phenylisothiocynate and separated on a PICO-TAG reverse-phase column as previously described by Peoples et al. (1994) . Derivatized amino acids were detected spectrophotometrically and measured by comparing peak area of the sample against that of a standard solution of known concentration. Concentrations of 17 individual amino acids (11 of which are thought to be essential to cottontail rabbits) were determined in derivatized samples. Concentrations obtained for methionine and cystine were combined as were phenylalanine and tyrosine, because cystine and tyrosine spare their respective amino acid nutritionally (Lebas 1988). Tryptophan was not measured due to destruction by acid hydrolysis (Gehrke et al. 1985 , Sat-war et al. 1983 . A casein reference protein (from bovine milk, no. C-0376, Sigma Chemical Co., St. Louis, MO.) of known amino acid composition was hydrolyzed and analyzed with forage samples for determination of amino acid recovery efficiency. Sulfur-containing amino acid loss during acid hydrolysis averaged 25%; therefore, methionine + cystine concentrations recovered were adjusted upward 25%. Amino acid concentrations were recorded on a dry mass basis (mg g-' dry mass).
Nonextracted forage samples were analyzed for nitrogen (N) content with a Labconco Rapid Kjeldahl System (Labconco Corp., Kansas City, MO.) (Williams 1984) . Nonprotein N concentrations in forages were a measure of the difference between amino acid N (chromatography) and the total N (Kjeldahl analysis) pools. Nonprotein N was assumed to be all N not incorporated into one of the amino acids recovered and was made up of a diverse group of compounds (Holt and Sosulski 1981 , Maynard et al. 1979 , Oka and Sasaoka 1985 , Singh and Jambunathan 1981 . Unlike other measures of nonprotein N (Holt and Sosulski 198 l), we did not include free amino acids (those amino acids not bound in protein) that were recovered during analysis.
Data Analyses
Differences in nutrient concentrations (including amino acids) of key forages between early and late growth stages were tested by one-way analysis of variance (PROC ANOVA; SAS 1988) by season. Differences in nutrient concentrations within a season between habitat types were examined by one-way ANOVA for those forages occurring in diets of rabbits from both disturbed and undisturbed areas. A few species occurring in small amounts in the diet were difficult to locate on our study areas during sample collections; in these cases, samples from both early and late collections were composited by equal mass into 1 sample for nutrient analyses. Season and habitat type differences in overall quality of proteins in diets were evaluated qualitatively by comparing calculated biological value estimates and extent of essential amino acid deficiencies. All differences discussed are significant at the P < 0.05 level unless otherwise noted.
Results
Diet Quality
Diet Selection
Protein quality of seasonal diets was reconstructed from food habits data. Concentrations of each essential amino acid in the diet from each habitat type was calculated as the sum of the products of the relative contribution of each identified forage item in the diet and its corresponding seasonal average (early, late) concentrations of different amino acids. Seventy-five percent of the diets contained between 2% and 19% unidentified plant material that could not be specifically factored into profiles of diet quality, therefore, diet profiles were calculated with identified forages equalling 100% of the diet.
Cottontail rabbit diets were dominated by P. oligosanthes, Croton spp., and Sporobolus asper (Michx.) Kunth in summer and P. oligosanthes, Bromus spp., and Antennaria spp. in winter (Table 1) . Monocots comprised approximately 65% of the identified forages in diets in summer and 72% in winter. Monocots Table 1 . Diet composition (%) of cottontail rabbits (SyMugusj7ori&~u~) from disturbed and undisturbed upland hardwood forest-tallgrass prairie habitats during summer and winter.
Published nutrient requirements for maintenance, growth, and reproduction do not exist for the cottontail rabbit, but are available for domestic rabbits. Undoubtedly, nutrient requirements (amino acids) are not completely comparable for these two species. However, due to the similarity in muscle amino acid composition (the primary use of amino acids) and estimated total N requirements of the 2 species, it is possible to suggest those essential amino acids which might be limiting in seasonal diets of cottontail rabbits (Smith 1980, Zinn and Owens 1993) . Consequently, we compared estimated dietary levels of amino acids of wild cottontail rabbits to amino acid requirements published for the domestic rabbit to derive a general idea of the nutritional adequacy of seasonal diets for cottontail rabbits.
The overall quality of a protein in the diet depends on how well it meets essential amino acid requirements of the individual animal. Many empirical techniques have been developed to evaluate the quality or biological value of dietary proteins based upon their essential amino acid composition. We modified the chemical score technique (Mitchell and Block 1946) 14.0 0.9 2.2 1.0 2.5 using a modification of the techniques described by Oser (1959) . Briefly, we frst calculated an essential amino acid index by comparing the concentrations of essential amino acids in each dietary protein to rabbit growth requirements, instead of their respective amounts in a reference protein.
made up 67% of the diet in disturbed habitats and 63% in undisturbed habitats in summer and in higher quantities Erom disturbed (78%) than undisturbed (66%) habitats in winter. Dicots (forbs) and woody browse (leaf, bark, berries) remained largely unchanged within a season (Figs. 1 and 2, Table  2 ). No ubiquitous trends in nutrient composition of plant species were evident from our comparisons between early and late growth stages (overall means in Table 2 ). In general, alterations occurred more frequently on undisturbed than disturbed habitats. With summer maturity, concentrations of total N decreased in S. nuruns (32% decline) and S. asper (23% decline) on undisturbed habitats and A. gerardii (27% decline) on disturbed habitats (Fig. cottontail rabbits during summer (35%) than winter (15% of diet). Forages in diets from disturbed and undisturbed habitats differed to a greater degree in summer than in winter (5 of 8 forage species differed between diets in summer compared to 1 of 9 forage species differing between diets in winter).
Differences in concentrations of either total N, nonprotein N, or fat between early and late growth stages were observed in only 7 of 17 forages collected, indicating gross nutritional conditions JOURNAL OF RANGE MANAGEMENT 50(5), September During summer, most of the forages eaten by rabbits showed phenological changes in only 2 2 essential ammo acids, except S. nutuns which varied considerably in composition (overall means in Table 3 ). Essential amino acid concentrations in S. nutuns from undisturbed habitats declined an average of 48% with maturity ( Fig. 1) . Changes in summer occurred most frequently for histidine concentrations (4 of 8 species). Andropogon gerurdii from disturbed habitats declined proportionately more in methionine + cystine (55%) and histidine (31%) contents than in total N content (Fig. 1) . On undisturbed habitats histidine concentrations were observed to decline 42% in S. asper and 33% in P. oligosanthes during summer. Phenological changes in essential amino acid concentrations were not observed during summer for Cocculus carolinus (L.) DC., Croton spp., and Paspalum setaceum Michx. Of all essential amino acids in forages examined during summer, methionine + cystine, and to some degree histidine, were consistently present in the least quantity.
Concentrations of essential amino acids tended to remain stable or increase with forage maturity during winter as opposed to changes during summer (Table 4) . Arginine (60% increase) and threonine (70% increase) concentrations increased in Poa spp. with increasing maturity on undisturbed habitats (Fig. 2) . Histidine and lysine increased 124% and 62% in Antennaria spp., and 119% and 74%, respectively, in Carex spp. with increasing maturity on undisturbed habitats during winter. Antennaria spp. on disturbed habitats had increases of 75% for arginine and 95% for lysine during the winter growing season. No differences in concentrations of essential amino acids were observed during winter for woody plant forages.
For the 10 forages occurring in diets of rabbits from both disturbed and undisturbed habitats, only 3 showed differences between habitats. During summer, arginine and phenylalanine + tyrosine contents in S. asper averaged 60% and 49% greater in undisturbed than disturbed habitats. Content of phenylalanine + tyrosine in Curex spp. was 46% greater, and content of histidine in Bromus spp. was 59% greater on disturbed than undisturbed habitats in winter (Table 4) . Habitat disturbance had no influence on concentrations of total N, nonprotein N, and fat in any forage.
Diet Composition and Quality
Diets of cottontail rabbits from both disturbed and undisturbed habitats appeared to be limiting in some essential amino acids when compared to growth and lactation requirements published for domestic rabbits (Table 5) . No essential amino acid met estimated requirements in summer, regardless of habitat type. Compared to growth and lactation requirements, apparent methionine + cystine deficiencies were as high as 92% in summer and 70% in winter, making sulfur-containing amino acids the most limiting group of amino acids in cottontail rabbit diets. Methionine + cystine deficiencies were suggested in both disturbed and undisturbed habitats during summer. In winter, plants in disturbed habitats appeared to provide 10% more of the dietary requirement for sulfur-containing amino acids than those in undisturbed habitats.
Similar to individual forages, estimated nonprotein N content of cottontail rabbit diets was high, averaging 31% of the total N pool as determined by Kjeldahl analysis (Table 5) . Calculated biological value of dietary proteins (based on essential amino acid composition) was 29% higher on undisturbed than disturbed habitats in summer. However, both calculated biological value and chemical score reflected extremely poor quality protein sources in the diets of rabbits from both habitats in summer. Diets of rabbits from disturbed habitats had biological values 43% higher than those from undisturbed habitats in winter. Biological value of winter diets was 163% higher than summer diets.
Discussion
Histidine appeared to be the second most limiting amino acid, with dietary limitations for growth estimated at 33% and 77% in disturbed habitats and 53% and 70% in undisturbed habitats in winter and summer, respectively. Levels of all essential amino acids (except methionine + cystine) in the diet of rabbits from disturbed habitats were lower compared to those from undisturbed habitats in summer. Total N levels were 13% lower while essential amino acid contents averaged 16% lower on disturbed than undisturbed habitats in summer. The reverse was true for winter diets; diets of cottontails from disturbed habitats contained 23% more total N and averaged 36% higher levels of essential ammo acids than those from undisturbed habitats.
Diets of cottontail rabbits were dominated by grasses in both summer and winter, with variable amounts of forbs, browse, and cedar berries. Botanical composition resembled previously reported diets for this species in other locations (Korschgen 1980) . Use of browse and cedar berries by cottontail rabbits in winter suggested an inadequacy of herbaceous vegetation in meeting winter dietary requirements; browse and berries are generally eaten during periods of food stress and high energy demands (Korschgen 1980) . The seasonal dietary shift from summer to winter was characterized by replacement of warm-season grasses with cool-season grasses in winter.
Within seasons, forage quality did not change appreciably, indicating that plants matured by early summer or remained in a dormant, immature state throughout winter. This suggested that diet quality of rabbits in upland hardwood forest-tallgrass prairie remains largely unchanged over much of the summer and winter.
JOURNAL
OF RANGE MANAGEMENT 50(5), September 1997 More frequent and dramatic temporal changes in diet quality may be associated with seasons (spring and fall) when many plants are actively growing or producing seed. Summer diets dominated by warm-season grasses can present nutritional problems because grasses generally contain less high quality protein than forbs and decline in quality more rapidly with maturity than other forage classes (Bailey 1969 , Bogle et al. 1989 . Young cottontails show a distinct preference for higher quality forbs compared to grasses (Bailey and Siglin 1966) . Bogle et al. (1989) found that digestibility remained high in forbs but not in grasses throughout summer. Nutritionally, rabbits are able to efficiently utilize protein in fibrous forages (Crampton and Forshaw 1940 , Miller et al. 1954 , National Research Council 1977 , Schurg et al. 1977 , Voris et al. 1940 , but growth and survival are impaired when total nitrogen and digestibility are both low (Bailey 1969). Considering nutritional needs for growth and high preference for forbs, Chapman et al. (1982) postulated that an abundant source of amino acids, particularly sulfur-containing amino acids, is critical to juvenile survival. Although Bailey (1969) reported that cottontail survival on diets of warm-season grasses was poor, cool-season grasses in our study contained much higher quality proteins and were probably adequate for meeting maintenance requirements of adults in winter. The lower quality of proteins in mature summer forages compared to immature winter forages was the probable result of a dilutional effect from accumulated cell wall material such as lignin, cellulose, and hemicellulose (Lindroth et al. 1986) .
Nonprotein N in many plants is a result of the plant storing N in the form of toxic metabolites for protection against herbivory; this N is redistributed as amino acids when required for growth (Mooney et al. 1983) . Phenological changes in nonprotein N concentrations were not apparent in 14 of 17 forages we examined.
Exceptions included P. oligosanthes from undisturbed sites in summer, which increased nonprotein N concentrations with maturity, and P. oligosanthes from disturbed sites and Antennaria spp. from undisturbed sites in winter, which showed decreased content of nonprotein N with maturity. Decreases in the nonprotein N component in P. oligosanthes and Antennaria spp. corresponded with increases in the content of certain amino acids, especially lysine, supporting the suggestion of Mooney et al. (1983) that some forages may store N for later plant growth. Although rabbits are coprophagous, they are not similar to ruminants and cannot efficiently utilize nonprotein N in forages (Lebas 1988) .
Another important nutritional consideration in the overall quality of proteins for growth and reproduction is diet digestibility. Snyder et al. (1976) estimated that cottontail rabbits require 1.92% digestible N (protein = 12%) for growth. All forages in the summer diet of rabbits had both total N levels well below this level. In contrast, winter cool-season grasses contained total N levels at or above the growth requirement before correcting for digestibility. Digestibility of commonly fed forages in commercial rabbit operations average 64% (National Research Council 1977) . Dry matter digestibility of forages used by cottontails is extremely variable among seasons and species (grasses 31X50%, legumes 61-89%, wild forbs 60-84%; Bailey 1969), but is typically lowest in summer. Digestibility considerations indicate that summer forages and corresponding reconstructed diets were extremely deficient in all essential amino acids for all life processes. Although there is a paucity of digestibility information for winter forages used by rabbits, winter forages and diets were probably adequate with respect to most essential ammo acids for maintenance and growth on disturbed habitats; exceptions included histidine and the sulfur-containing amino acids. Winter diets of rabbits from undisturbed habitats probably provided most essential ammo acids for adult maintenance. Essential amino acid requirements for adult maintenance in the rabbit (cottontail or domestic rabbit) have not been published, but N requirements (corrected for protein digestibility) are 25% lower than those for growth (National Research Council 1977) .
If ammo acid requirements for domestic rabbits are an accurate representation of requirements for the cottontail rabbit, a paradoxical dilemma arises concerning how animals can reproduce and develop on natural forages of low biological value. Bailey (1969) clearly demonstrated the inability of young cottontails to survive on grass-dominated diets, especially in summer. Sinclair et al. (1982) proposed 3 alternative responses an individual may make to low diet quality: (1) maintain a constant rate of food intake by including more low quality forage; (2) increase the quantity eaten to compensate for the low quality of forage; or (3) selectively eat only high quality plants or plant parts, and decrease overall quantity eaten. The second option is widely thought to be a universal optimal foraging strategy of animals. However, a review of the literature on consumption rates in hares and rabbits suggests that intake of cottontail rabbits declines with declining protein quality of diets (Adamson and Fisher 1971 , Bookhout 1965 , Cheeke 1971 , Gaman et al. 1970 , McWard et al. 1967 , Sinclair et al. 1982 . Snowshoe hares studied by Sinclair et al. (1982) showed no consistent decline in rate of intake as total nitrogen levels declined, but no animal studied increased intake with declining total nitrogen content.
